Introduction
Natural gas has been hailed as a bridging feedstock for society's transition away from a petroleumdependent economy [1] . However, the direct catalytic upgrading of its principal components; methane and ethane, to oxygenated products has yet to be realised under mild, environmentally benign conditions. Whilst processes for conversion of methane to higher value products have been commercialised, high substrate stability (∆HC-H = 439.57 kJ mol -1 ) means that harsh conditions are often employed for activation [2, 3] . Direct upgrading of methane via oxidation to a more energy dense product, such as methanol, is therefore an attractive prospect. Such a process must operate under mild reaction conditions to prevent further oxidation of methanol to products like formic acid and CO2. Several approaches to methane oxidation have been reported. The enzymatic direct oxidation of methane to methanol has been studied, with metalloenzymes shown to perform this reaction selectively under mild conditions with molecular oxygen as the terminal oxidant [4, 5] . This has stimulated the search for synthetic analogues of these enzymes' active sites [6, 7] . Indeed, the gas phase oxidation of methane over Cu-modified zeolites activated in O2 [8] [9] [10] [11] [12] [13] [14] or NO/N2O [15] has also been studied, with proposed active sites for the O2 treated catalysts not unlike the binuclear Cu site found in methane monooxygenase enzymes. Meanwhile non-catalytic activation using N2O/O2 treated Fe/ZSM-5 has also been reported (with α-oxygen as the in situ generated oxidant) [16] [17] [18] .
Periana and co-workers have extensively studied the oxidation of methane in acidic media -yielding methyl esters at temperatures of < 200 o C [19] [20] [21] . These indirect, methyl ester-yielding processes typically require homogeneous metal complexes which activate methane through electrophilic attack of the C-H bond, affording high reaction selectivity yet incurring additional hydrolysis steps to yield methanol. Such homogeneous processes have been extensively reviewed by Periana et al and Shilov et al [22, 23] and heterogenised by Schüth and co-workers [24, 25] . A number of homogeneously [26] [27] [28] and heterogeneously [29] [30] [31] [32] catalysed aqueous processes for the direct oxidation of methane with H2O2 have recently been reported. These benefit from the clean decomposition of the oxidant to H2O as an environmentally benign byproduct. The importance of efficient, selective utilisation of methane as a feedstock for the synthesis of bulk chemicals is explored in recent reviews of the catalytic upgrading of methane [33] [34] [35] [36] [37] . Unfortunately despite extensive research in the field, no approach has yet been deemed commercially viable, with methanol still produced through an energy intensive two-step process which proceeds via synthesis gas.
It has previously been reported that ZSM-5 materials containing trace amounts of iron (as dimeric µoxo-hydroxo iron species) can catalyse the direct conversion of methane and ethane to oxygenated products, utilizing hydrogen peroxide as the oxidant [31, 32, [40] [41] [42] . The oxidation of methane to methanol was shown to proceed via formation of methylhydroperoxide (CH3OOH), and deep oxidation to formic acid and CO2 was observed [31] . Appreciable methane conversion (10%) and high oxygenate selectivity (> 90%) have been reported at temperatures as low as of 50 o C. Furthermore, incorporation of Cu 2+ into the reaction as either a homogeneous additive or heterogeneous component of the zeolite catalyst allows tuning of reaction selectivity to favour methanol (> 85%) as the major product. Catalytic reaction pathways determined for the oxidation of methane with H2O2 are shown in Scheme 1 [31] . Previous studies have suggested that the intrinsic activity of ZSM-5 is derived from the presence of octahedral (extra framework) Fe species, formed during high temperature activation of the zeolite. The role of Cu 2+ in effecting high primary product selectivity has been studied, and is attributed to catalytic termination of hydroxyl radicals [43] .
In this paper we aim to translate the catalyst system from operation in a batch autoclave to a continuous flow reactor in order to further study catalyst deactivation and determine whether high selectivity to methanol might be achieved under mild reaction conditions.
Experimental

Catalyst preparation
Fe and Cu were impregnated onto ZSM-5 (Zeolyst, SiO2/Al2O3 = 23, 30 or 80) via chemical vapour impregnation (CVI) according to the procedure previously reported [41, 44] . NH4-ZSM-5 was Prior to testing, the catalyst was pressed into wafers at a pressure of 20 t/in 2 . Wafers were then sieved to form pellets of uniform dimension (20/40 mesh, 800 -400 μm).
Catalyst Characterisation
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed using a Bruker UV Vis spectra were collected on a Varian 4000 UV-Vis spectrophotometer. Scans were collected over a wavelength range 200-850 nm, at a scan rate of 150 nm min -1 . Background scans were taken using a high purity PTFE disc.
Catalyst performance evaluation
Catalyst performance was measured in a continuous flow fixed bed stainless steel reactor. A reactor schematic is shown in Figure S1 . An aqueous feed containing hydrogen peroxide (Sigma Aldrich, typically 0.123 M) was controlled by an HPLC pump (Waters) and methane (Air Products, 99.9%) flow was controlled by a mass flow controller (Brooks). Both were fed down through the catalyst bed (VBed = 3.6 ml) which was composed of layers of pelleted catalyst and SiC according to the method reported by Al-Dahhan et al. [45] . The stainless steel reactor had a total length of 13 cm and internal diameter of 1.6 cm. Liquid and gaseous products were separated in a high pressure liquid gas separator (VTotal = 18 ml) and collected periodically for analysis over a 5 hour period. Reactor pressure was maintained using a back pressure regulator.
CO2 was quantified by GC using a Varian 450-GC instrument fitted with a methaniser-FID and TCD and a CP-Sil 5CB capillary column (50 m x 0.33 mm). Liquid products were quantified by solvent suppressed 1 H-NMR on a Bruker Ultrashield 500 MHz spectrometer. A sealed glass capillary containing TMS in CDCl3, calibrated against commercial standards, was added to the NMR tube as an external standard. Hydrogen peroxide was quantified through titration against an acidified solution of Ce(SO4)2 of known concentration, with Ferroin indicator.
Results and Discussion
Characterisation of Catalysts
It has previously been reported that trace iron in ZSM-5, present as cationic µ-oxo-hydroxo species located at exchange sites, can catalyse the oxidation of methane to methanol by H2O2 [31, 43] .
Increased catalyst productivity can also be achieved through post-synthesis addition of Fe to ZSM-5 (30) through various techniques [31, 44] . One post-deposition method which has been successfully applied is CVI, a solvent and halide-free vapour deposition technique, which can be applied in the preparation of a range of supported catalysts [41, 44, 46] . Deposition of Fe onto ZSM-5 (30) is reported to lead to formation of a porous FeOy film on the zeolite surface and within the micropores, whilst Cu deposits as discreet nanoparticles [41] . Both metals are also present as ion exchanged species at Brønsted acid sites [41] .
Diffuse reflectance FTIR spectra for a series of Fe-, Cu-and FeCu-ZSM-5 catalysts prepared by CVI are shown in Figure 1 . Following deposition of metals, the intensity of the band attributed to OH groups coordinated to Td Al 3+ in framework positions (3607 cm -1 ) decreased relative to the bare ZSM-5 [47, 48] . This is consistent with cation exchange at Brønsted sites within the zeolite. In particular, comparison of spectra 1(d) and 1(e) shows increased exchange with increased bimetallic-loading. A small increase in intensity of the band attributed to OH groups coordinated to extra-framework Tatom (3660 cm -1 ) is also observed, and indicates migration of Fe or Al to extra framework sites when metal impregnated ZSM-5 catalysts are heat treated [49] [50] . 27 Al MAS NMR spectra for the same ZSM-5 catalysts ( Figure 2 ) are in agreement with DRIFTS characterisation. Addition of Fe and Cu has no effect upon the MFI framework. However, a decrease in intensity of the resonance for Td 27 Al in framework sites (55 ppm) was apparent [51] . This suggests the presence of paramagnetic Fe species sited at ion exchange positions [52, 53] , which is consistent within its micropores is consistent with previous studies on CVI catalysts [41, 44] .
A gradual decrease in both surface area and micropore volume was observed for catalysts with increasing metal loading relative to ZSM-5 (30) ( Table 1) . This was consistent with the decreasing ZSM-5 (30) content per gram of catalyst following deposition of metals.
Flow reactor studies
For initial studies we tested H-ZSM-5 (30) and modified variants thereof, as these showed high intrinsic activity for methane activation in batch reactor studies [31, 43, 44] . Productivities of 7.4 mol Addition of Cu 2+ shifts the product distribution to favour methanol (89.1% selectivity) with comparable TOF (h -1 ) ( Table 1) to the proton form zeolite. We therefore suggest that the catalysis is consistent with previous studies [31, 40, 43] . Post synthesis deposition of active metal (1.5 wt% Fe) to ZSM-5 (30) leads to increased H2O2 decomposition and effects a decrease in reaction rate. This is in poor agreement with batch studies [31] . With 98% oxidant decomposition it is probable that the reaction is operating under oxidant lean conditions towards the end of the catalyst bed, and this is effectively slowing the rate of reaction. Through co-deposition of Fe and Cu (1:1 wt ratio, 3 wt % total loading) the productivity of H-ZSM-5 (30) (0.08 mol Methane converted kgcat -1 h -1 ) can be maintained whilst also affording high methanol selectivity (92.2 %). In this case high H2O2 decomposition (92.9 %) is favourable, as it prevents deep oxidation to CO2 farther through the catalyst bed. Once more the molar ratio of H2O2 decomposed: products formed were comparable to previous studies at 26: 1.
Surprisingly, no primary product (CH3OOH) was observed in the product stream of Fe-and FeCu /ZSM-5 catalysed reactions. This is likely to be due to the high Fe: product ratio, as methylhydroperoxide is known to undergo facile catalytic conversion to methanol over Fe/ZSM-5 [43] .
Although monometallic Cu/ZSM-5 (30) showed comparable rates of methane conversion, methanol selectivity and higher TOF (h -1 ) values per molFe (Table 1) , previous batch studies have shown bimetallic FeCu/ZSM-5 (30) catalysts to be more productive when this reaction is performed under non-diffusion limited conditions [31] . The bimetallic catalyst 1.5% Fe 1.5% Cu/ZSM-5 (30) was assessed for on-line stability over 10 h of continuous operation (Figure 4 ). For this, and further studies, a lower bed loading (0.25 g) was used to minimise diffusion limitations. Following a 1 h stabilisation period, a steady state (0.27% conversion, 0.26 molMethane converted kgcat -1 h -1 , ± 0.022) was attained. Once more, two reaction products were detected; methanol and CO2 at selectivities of 80 % and 20 % respectively. At this lower catalyst loading 38 % H2O2 remained in the reactor liquid exit stream. The decreased oxygenate selectivity when compared with the higher 1.5 g bed loading (80 % vs 92%) is attributed to greater availability of oxidant later in the catalyst bed, which increases the propensity towards deep oxidation. Catalysts were stable to deactivation and poisoning by reaction products over the 10 h testing period.
Reaction Parameter Studies
An important consideration in the design of a catalytic process is the influence of reaction conditions on reaction rate and product selectivity. Selecting 1.5% Fe 1.5% Cu/ZSM-5 (30) , the effect of varying; methane pressure, hydrogen peroxide concentration, temperature and catalyst mass were studied, with the results reported in Table 2 .
Previous studies have reported that the rate of methane oxidation with ZSM-5 (30) and H2O2 has a 1 st order dependency upon both substrate and oxidant concentration [43] . The dependence on substrate concentration became nonlinear at higher pressures of methane (> 5 bar, [CH4] = 0.0058 M, [H2O2] = 0.5 M) with the reaction becoming oxidant limited as Rate H2O2 Conversion >> Rate Methane conversion [43] . The rate of methane oxidation shows a strong dependence on methane pressure/ concentration under flow conditions ( Table 2 , Entries 1-3). By increasing reactor pressure from 10 to 30 bar, catalyst productivity increased by 76%, from 0.17 to 0.30 mol Methane Converted kgcat -1 h -1 . This pressure range equates to an increase in methane solubility from 0.012 to 0.035 M, as calculated using Henry's Law.
In contrast to this, an increase in hydrogen peroxide concentration from 0.06 to 0.25 M ( Table 2 Entries 4, 2 and 5) effects a 33% increase in productivity from 0.21 to 0.28 mol Methane Converted kgcat -1 h -1 . This is a strong indication that the reaction is operating under diffusion limited conditions. Two additional approaches were used to further enhance methane conversion; increasing the reactor temperature ( Table 2 Entries 6, 2 and 7) and increasing the bed loading ( Table 2 Entries 8, 9, 10 and 2). Unsurprisingly the rate of methane oxidation increased upon increasing the reaction temperature from 25 to 75 o C, with productivity increasing from 0.22 to 0.34 mol Methane Converted kgcat -1 h -1 , despite decreasing methane solubility. However, hydrogen peroxide was less efficiently incorporated into products as the reactor temperature increased. This suggests that competing decomposition pathways become more favourable with increasing temperature. Methane conversion was also enhanced through increasing the catalyst loading within the fixed bed. Indeed, conversion increased from 0.26 to 0.5% when the catalyst mass was increased from 0.25 to 1.5 g. Due to the non-linear relationship between mass and conversion, this equates to a decrease in productivity from 0.25 to 0.08 mol Methane Converted kgcat -1 h -1 . Decreasing productivity is another clear indication that the reaction is substrate/ oxidant limited. Future studies into this catalytic system should therefore address facilitating transport to the active site through use of more concentrated hydrogen peroxide feeds and increased methane pressures. Interestingly, reaction selectivity was relatively insensitive to the variable test conditions studied. Figure 5 correlates conversion and selectivity data from Table 2 . High methanol selectivity (> 73%) was maintained despite an increase of conversion. This suggests that methanol is efficiently removed from the catalyst bed into the liquid gas separator, thereby preventing deep oxidation. This is an important result, and a clear indication that greater methanol yields might be achieved without sacrificing reaction selectivity.
Effect of varying the zeolite acidity
An additional route to increasing methanol productivity is through increasing the active site density of ZSM-5. Given that the dimeric µ-oxo-hydroxo iron active site is proposed to bridge ion exchange sites [31] , this might be achieved through post-synthesis deposition of active metal (Fe). However, as shown in Figure 3 Fe speciation is a largely unselective and limited by the zeolite's exchange capacity. Alternatively, an increased density of active sites might be achieved by varying of the parent zeolite's SiO2/Al2O3 ratio. Varying the Brønsted acidity of H-ZSM-5 has previously been explored [31] , with a SiO2/Al2O3 ratio of 30 shown to be optimal. Figure 6 shows a clear benefit of increasing the concentration of AlO4 -(at constant metal loading was used as the support, which falls to 1.1 % for ZSM-5 (80). Acid-stabilisation of H2O2 in Fenton's type systems is known [56] , and the decrease in H2O2 usage is clearly due to such an effect.
Meanwhile, the increase in catalyst productivity is attributed to an increase in the population density of catalytically active Fe sites. A future publication will explore the speciation of active metals on ZSM-5 as a function of exchange capacity and relate this with catalytic performance in the oxidation of short chain alkanes.
Conclusions
It has been demonstrated that bimetallic FeCu/ ZSM-5 effectively catalyses the direct oxidation of methane to methanol under continuous flow conditions. Mild reaction conditions and a green oxidant are used without additional promoters or pH control. Reaction selectivity is high towards the primary oxidation products with limited over oxidation (> 73% methanol selectivity), showing low sensitivity to experimental variables. It has been shown that maximising the ion exchange capacity of ZSM-5 benefits reaction rate, selectivity and efficiency. Increasing the efficiency with which the active oxygen is retained in products is a key consideration for future catalyst design studies. Methane Conversion / % 
